INTRODUCTION
The increase in the number of wind farms worldwide has raised concerns in the radar community due to the adverse effects of wind turbines on radar [1, 2] . Understanding the detailed radar scattering phenomenology of wind turbines is a first step toward potential mitigation measures. Motivated by this, the time-varying radar signatures and the corresponding Doppler features of a turbine were collected and analyzed in [3, 4] . Recently, concerns regarding the effects of ground bounce on turbine scattering and how to account for these effects were raised in [5, 6] . The physics of ground bounce scattering for targets situated above ground is generally considered well understood and has been previously applied to simulate Doppler tracks of a moving human above ground [7] .
In this paper, we report on Doppler tracks that arise in turbine scattering due to ground bounces. First, we present Doppler tracks from a turbine blade rotating above a reflecting ground.
The Doppler tracks are obtained using two approaches. First, we use a point scatterer model and image theory to simulate the backscattering from a turbine above ground. This method is crude but computationally fast. Each turbine blade is modeled as a set of closely spaced point scatterers. Returns from single and double ground bounces are generated from source and scatterer images.
Second, simulations are carried out using the high-frequency ray tracing code Ahilo [8] to corroborate the point scatterer model. The resulting Doppler spectrograms are obtained using the shorttime Fourier transform and the tracks that arise from ground effects are identified and interpreted. Additionally, we present the Doppler tracks that arise in the case of a rotating turbine above a moving ground based on the point scatterer model.
II. DOPPLER FEATURES ANALYSIS
The presence of ground adds complexity to the returned signal due to the target-ground interactions in addition to the direct returns from a target. Fig. 1 depicts the interaction of a turbine with the ground. The black and blue arrows in Fig. 1 indicate the incident and scattered waves respectively (this convention is also used later in Fig. 3 ). With ground interactions, new Doppler tracks in addition to the previously documented strong blade flashes and weak tip halos in [2, 3] are expected in the time-dependent Doppler spectrum. For simulation, the radar frequency is set to 1 GHz. The turbine has three blades, each with a length of 30 m. The turbine is 60 m above an infinite ground plane, and the radar is located at an elevation angle of 20° with respect to the ground. The radar is assumed to be at a 90 degree yaw angle with respect to the turbine (i.e., edge-on incidence). The blade rotation rate is assumed to be 12 rpm. We first simulate farfield backscattering from the turbine rotating above the ground plane using a point scatterer model. Next, we simulate the backscattering from a computer turbine model using Ahilo. In addition to blades, the turbine model used in Ahilo also contains a tower with height 60 m and a nacelle with a radius of 2m. illustrate respectively the flashes labeled (i) and (ii). Fig. 3(a) shows the bistatic specular reflection mechanism between the radar, the blade, and the ground that results in a single-groundbounce flash labeled (i). It occurs in time after the direct flash for the assumed counter-clock-wise rotation of the blades. Fig.  3(b) shows the specular reflection mechanism between the radar, the blade and the ground for the double-ground-bounce flash labeled (ii). It occurs yet later in time. Note that the maximum Doppler of (i) is less than that of mechanism (ii) because the radial velocity of the blade relative to the source and observer is less than those in the other two cases. The strength of feature (i) is 3dB higher than the direct flash and flash (ii) since there are two single-ground-bounce mechanisms that are reciprocals of each other. They have identical Doppler returns. The single-ground bounce mechanism also produces specular reflection from the tower which is the reason for the stronger DC frequency component in Fig. 2(d) . Although a perfectly reflecting ground is assumed in the simulation results, a less-than-unity reflection coefficient can be easily incorporated. However, that will only change the intensity of the features. Having analyzed turbine interactions with a stationary ground, we move on to study the case of a moving ground, which may have implications in the Doppler features of offshore turbines situated on a moving sea surface. To approach this problem, we model the entire ground moving sinusoidally in the vertical direction. Fig. 4 shows the timefrequency characteristics of the backscattered signal generated by modifying the point scatterrer model. In this case, the velocity of the blade tip is 9 times greater than that of ground. It is observed that each of the three ground interactions rides on the sinusoidal track that is a result of the ground plane motion. 
CONCLUSIONS
Doppler characteristics of radar backscattering from a turbine in the presence of ground have been simulated by employing a point scatterer model and ray-tracing simulation. The presence of ground gives rise to two additional blade flashes between the radar and the turbine. The effects of stationary as well as moving ground were studied and the resulting Doppler features were interpreted in detail.
